We show how the magnetization of nano-objects can be efficiently regulated. Several types of nanosystems are considered: magnetics nanomolecules, magnetic nanoclusters, polarized nanomolecules, and magnetic graphene. These nano-objects and the structures composed of them enjoy many common properties, with the main difference being in the type of particle interactions. The possibility of governing spin dynamics is important for spintronics.
Introduction 2 Resonant electric circuit
The sample, containing magnetic particles, with magnetic moment µ 0 , is inserted into a magnetic coil of n turns, length l, and volume V c . The coil is a part of an electric circuit, with capacitance C, induction L, and resistance R. The coil axis is along the axis x. Electric current in the circuit is defined by the Kirchhoff equation
where the current j is generated by the magnetic flux
caused by the x-component of the magnetization
The electric current in the coil creates magnetic field directed along the axis x and having the magnitude
characterized by the feedback equation
where ω is the circuit natural frequency and γ is the circuit damping,
The electromotive force in the right-hand side is produced by the moving magnetization density
with V c being the coil volume. The sample is subject to an external magnetic field B 0 directed along the axis z. Thus, the total magnetic field, acting on the sample, is
The external magnetic field defines the Zeeman frequency
The electric circuit is called a resonator, since its natural frequency is tuned close to the Zeeman frequency, so that the resonance condition
be valid.
Magnetic nanomolecules and nanoclusters
A system of N magnetic nanomolecules or magnetic nanoclusters is described by the HamiltonianĤ =
Here the single-molecule Hamiltonian iŝ 
in which
is the dipolar tensor and
Suppose that the system has been polarized and placed in an external magnetic field with the direction opposite to the equilibrium state. This means that the sample is prepared in a strongly nonequilibrium initial state. When no pushing transverse field is imposed, the spin motion is triggered by spin waves [4, 17, 18] . Note that spin waves can be well defined for arbitrary nonequilibrium states [19] .
Sometimes, one discusses the possibility of two other triggering mechanisms, thermal noise in the coil and photon exchange between moving spins. First, let us evaluate the influence on the spin motion of the coil thermal noise. The characteristic thermal time, required for the thermal noise to start moving spins [4] is
where
is the thermal frequency. When the latter is larger than the resonator natural frequency, then the thermal time is
The coupling of the magnet with the coil induces the coupling attenuation
due to the coil feedback field. Therefore the influence of the coil on spins arises after the coupling time that can be evaluated as
The ratio of the thermal to coupling times becomes
For magnetic nanomolecules and nanoclusters, the thermal time is much longer than the coupling time, hence thermal noise does not play role for initiating spin motion. For instance, at T = 1 K, we have ω T ∼ 10 12 s −1 . Then the thermal noise could be important only either for a small number of molecules or for small spin values, such that 2πγNS ≪ 10 12 . Thus, if γ ∼ 10 10 s −1 , then it should be NS ≪ 20. Although for small number of low-spin particles, the thermal noise could play role [20] , but for magnetic nanomolecules with S ∼ 10 and moreover for magnetic nanoclusters with S ∼ 100−10 5 , thermal noise is not able to influence spin motion even for a single particle.
The other mechanism that sometimes is assumed to be present in collectivizing the rotational motion of spins in a solid-state system is the Dicke effect caused by the photon exchange between moving spins, similarly to the developing coherence and superradiance in an ensemble of radiating atoms [21] or ions [22] . Moving spins really represent dipole emitters of photons [23, 24] , with the natural width
The moving spins could induce mutual correlations in the spin motion after the typical radiation time
However, for magnetic nanomolecules or nanoclusters, in the magnetic field B 0 = 1T = 10 4 G, we have ω 0 ∼ 10 11 s −1 . Then this radiation time is extremely long, being of order t rad ∼ 10 8 s ∼ 10 years. On the other hand, the dephasing time due to dipolar forces is
where ρ ∼ a −3 is the density of spins, with a being the mean interspin distance. For nanoclusters, with ρ ∼ 10 20 cm −3 and S ∼ 10 3 , the dephasing time is T 2 ∼ 10 −10 s. The radiation time, related to photons, is incomparably longer than the dephasing time,
being of order 10 18 and making the correlations due to photon exchange absolutely irrelevant for spin systems [24, 25] .
The motion of spins in magnets is triggered by spin waves and mutual correlations can be induced only by the resonator feedback field [3, 4, 24, 25] . The amplifying role of the resonator is called the Purcell effect [26] . Such an amplification is known in the case of magnetic resonance [12, 13, 27] The anisotropy parameters for nanoclusters, such as Co, Fe, and Ni, as compared to
We have accomplished numerical investigation of spin dynamics for a system of many spins and for separate spins. For spin systems, we consider the average spin polarizations, such as the z-polarization
The spin dynamics of a single nanocluster (N = 1) as a function of dimensionless time, measured in units of 1/γ 2 , is represented in Fig. 1 , where the notation h = 0 implies the presence of a resonator producing the feedback field h ≡ µ 0 H/ γ c , while the notation h = 0 means the absence of the resonator. As it should be, there is no spin reversal without a resonator. While in the presence of the resonator there occurs a very fast spin reversal during the reversal time t rev ∼ 10 −10 s. Since, for a single nanocluster, there are no spin waves, the initial spin motion is triggered by a weak transverse magnetic field.
For many nanoclusters or nanomolecules, the reversal time becomes even shorter, reaching t rev ∼ 10 −12 s. One of the main differences between nanomolecules and nanoclusters is in the following. Nanoclusters cannot be prepared being identical in their sizes and spin values. While nanomolecules of the same chemical structure are identical with each other and can form perfect crystalline lattices. However, the nonuniformity of nanoclusters does not preclude the possibility of their spin correlations by the resonator feedback field [28] .
Magnetic graphene flakes
A novel interesting nanomaterial, enjoying magnetic properties, is graphene with defects, which can be in the form of graphene flakes, graphene ribbons, and carbon nanotubes with defects [14] [15] [16] . Spins are located at defects that can be of various nature. The principal difference of such a magnetic graphene from the case of magnetic nanomolecules and nanoclusters is in the nature of spin interactions. In magnetic graphene, spins interact with each other by exchange interactions, so that the Hamiltonian reads aŝ
where the exchange interactions have the anisotropic Heisenberg form
Since there are a number of ways for creating magnetic defects in graphene, the interaction parameters can be varied [14] [15] [16] . The governing of spin dynamics is realized similar to the case of nanomolecules and nanoclusters. The physics of the processes is also similar. We study a graphene flake prepared in a strongly nonequilibrium initial state, with the spin polarization opposite to the equilibrium direction in an external magnetic field. Magnetic defects are located on a zigzag edge of graphene. Up to 100 defects are considered. The spin motion is triggered by spin waves and collectivized by the resonator feedback field. Because of the developed coherence in spin motion, the spin reversal happens in short time of order t rev ∼ 10 −11 s. We investigate the spin dynamics of defects in graphene for different parameters of the anisotropy
where the nearest-neighbor interactions are taken, for different coupling parameters
under the resonator quality factor Q ≡ ω 2γ . Figure 2 demonstrates the behavior of the average spin polarizations e x and e z , defined as
for different magnitudes of the magnetic anisotropy. As is seen, the larger the magnetic anisotropy, the longer the reversal time. Figure 3 shows the spin polarizations for the same parameters, as in Fig. 2 , except for the interaction range that is taken to connect not merely the nearest neighbors, but 3 neighbor shells. The increasing interaction radius influences the most the sample with a strong magnetic anisotropy.
Conclusion
We have studied spin dynamics for several types of nanomaterials: magnetic nanomolecules, magnetic nanoclusters, and magnetic graphene flakes. In the latter, localized magnetic moments arise because of incorporated defects. The difference between magnetic nanomolecules or nanoclusters and magnetic graphene is in their magnetic interactions. Magnetic nanomolecules and nanoclusters interact with each other through dipolar forces, while magnetic defects in graphene exhibit exchange interactions. For all types of magnetic samples, we consider a similar setup. The system is initially prepared in a strongly nonequilibrium state, with a magnetization opposite to the equilibrium one, in the presence of an external magnetic field. The sample is inserted into a magnetic coil of a resonant electric circuit. When there are no transverse external fields, the spin motion is triggered by spin waves. The collective dynamics develops because of the resonator feedback field. The influence of a resonator on spin motion is what is termed the Purcell effect. Coherent spin motion arises due to the Purcell effect. While the Dicke effect of interactions through the photon exchange plays no role for spin systems. The resonator thermal noise can influence spin dynamics only for small number of low-spin assemblies. But for large spin systems, as well as for nanomolecules or nanoclusters with high spins, the resonator thermal noise also is not important.
By varying the parameters of the resonant electric circuit and external magnetic fields, it is possible to realize efficient manipulation of spin dynamics, which can be used in various applications of spintronics, such as magnetic data storage and data processing [29] . The considered mechanism for the fast regulation of spin dynamics can also be employed for biological molecules and magnetotactic bacteria [30] . 
